Advanced microelectronic interconnection structures will need dielectrics of low permittivity to reduce capacitive delays and crosstalk, but this reduction in permittivity typically necessitates an increase in the porosity of the material, which is frequently accompanied by reduced mechanical reliability. 
I. INTRODUCTION
Incorporation of low-dielectric constant (low-) materials into silicon-based integrated circuits is a major technological challenge facing the microelectronics industry. As the required permittivity of the dielectric material in the back-end-of-line interconnection structure approaches that of a vacuum, it is inevitable that the density of the dielectric material falls, no matter what its chemical makeup. However, the dielectric material functions as a structural material in integrated circuits, and the reduction of density has important consequences for the mechanical properties of these materials. Improvement of the fracture toughness T of low-dielectrics remains a difficult challenge, according to the current International Technology Roadmap for Semiconductors. 1 Certainly, then, a method to quantitatively measure the fracture toughness of low-dielectrics is needed. In this work, the extension of a well-established method for fracture toughness estimation, indentation fracture, 2,3 is described.
Part I of this two-part work summarizes indentation experiments that were performed on various organosilicate low-material films with the goal of measuring film fracture toughness. There are several hurdles to studying the fracture properties of low-films. Principally, it must be verified that sharp indentation can be used to create controlled flaws in low-materials. The low-dielectric constant-and accompanying inclusion of porosity (or increased openness of the molecular structure)-will almost certainly mean that the conventional residual-stress elastic-plastic mechanism of radial indentation fracture will not work for these materials. 4 The conventional indentation fracture model depends on volume-conserving plastic deformation, a condition that is only met with fully dense ceramics and glasses.
In addition, practical considerations within the microelectronics industry dictate that organosilicate low-materials normally exist only in thin film form and that the substrate be silicon, even for the purposes of mechanical testing. Two obvious consequences of this necessary material arrangement on indentation fracture are (i) there will, in general, be pre-existing stresses in the film, typically tensile in low-films, and (ii) the shape development of the indentation flaws will be constrained, as the cracks are arrested or shaped by the (presumably) much tougher substrate underneath.
The results of this work outline experimental results and procedures for performing and measuring the fracture response of thin, low-films, which are significantly more involved than the usual indentation fracture method of measuring crack length versus indentation load. The fracture responses are shown to have no clear scaling trends, in contrast to most indentation fracture models. Information from instrumented indentation, such as load-displacement traces and the derived elastic moduli, are crucial in determining which data are even potentially analyzable in a radial-cracking fracture model. Furthermore, the variation of apparent elastic modulus with increasing indentation load is shown to follow analytical energy-partitioning theories, which will be useful in the fracture mechanics model developed in the companion paper, Part II. 5 
II. MATERIALS AND EXPERIMENTAL PROCEDURES

A. Materials
Three varieties of low-films were supplied by International SEMATECH (Austin, TX) on 700-m-thick 〈100〉-oriented silicon substrates. They are designated by generic names of LK ("low-") A, B, and C. Material LKA was a chemical-vapor deposited (CVD) organosilicate material, Ӎ 2.8. Material LKB ( Ӎ 2.2) was a methyl-silsesquioxane (MSQ) based material, formed by spin-on processing techniques. Materials LKC-1 ( Ӎ 2.4) and LKC-2 ( Ӎ 2.0) were a third variety of spin-on low-material, chemically identical, except for the amount of incorporated porosity (as a means of controlling the dielectric constant). All three materials were commercially available and under evaluation by SE-MATECH as candidates for use in microelectronic devices. Table I lists each low-material, SEMATECHreported film thicknesses t F and film stress F (measured by wafer-curvature methods), and indentation modulus Ē F and hardness H F as determined from Berkovich indentation. The film stress is only known for three thicknesses of LKA. The reported hardness of the film is the minimum observed hardness over a range of indentation depths, and the reported indentation modulus (typically identified as the plane-strain elastic modulus for an isotropic material),
2 ] is determined as described in Sec. IV.
B. Experimental methods
Indentation experiments were performed using as many as four different-shaped sharp diamond probes, varying in acuity from the Berkovich to the cube-corner.
The geometry of these probes is summarized in Morris et al. 6 From here, we refer to the indenters by their common name (Berkovich, cube-corner) or the effective axisymmetric equivalent axis-to-edge angle. The axisymmetric equivalent is the right cone that has the same proportionality of the projected area to the square of the distance from the apex as the ideal three-sided pyramid. For instance, the ideal cube-corner has an axisymmetric equivalent angle of 42.3°, and the Berkovich has an axisymmetric equivalent angle of 70.3°. The intermediate 3-sided pyramids have axisymmetric equivalents of 49.6°a nd 58.9°.
All indentations were performed with the following schedule: loading at constant indentation strain rate of 0.050 s −1 , 7 5 s hold at maximum load, unloading to 10% of maximum load in 30 s, and a 30 s hold to calculate the thermal drift rate 8 before complete unloading. Continuous stiffness measurements 9 were made during the loading and peak-load hold with a superimposed 2-nm amplitude sinusoidal oscillation at 45 Hz.
Indentation fracture experiments were performed with the 49.6°, 58.9°, and cube-corner probes, using the NanoIndenter XP (MTS Corp, Oak Ridge, TN). Maximum indentation loads were chosen to be evenly spaced on a logarithmic plot, for instance, peak loads of 0.1, 0.15, 0.22, 0.32, 0.46, and 0.68 mN between 0.1 and 1.0 mN. Five indentations were made to each peak load.
Berkovich indentation experiments were performed on many of the films with the NanoIndenter DCM module. The purpose of these experiments was to glean elastic and plastic information about the film using standard modulus and hardness determination techniques. 10 The Berkovich indenter tip-shape and column compliance (for the DCM module) was calibrated with fused silica with the proprietary MTS software. The tip shape for the more acute 49.6°, 58.9°, and cube-corner probes was assumed to be perfect when calculating indentation modulus or hardness, due to known problems with Oliver-Pharr inferential tip-shape calibration when there is fracture at the indentation. 6, 11 Field-emission-source scanning electron microscopy (SEM) was used to image each indentation of interest. A conductive 5-nm Pt coating was sputtered on each film after indentation but before imaging. It was discovered early that low-materials were susceptible to damage and etching when subjected to high magnification (most 
III. RESULTS
A. Indentation fracture
Initial fracture observations
Some initial exploratory experiments were performed on 1.0-m LKC-1 with the Berkovich and cube-corner probes. It is preferable to study fracture with the Berkovich probe, if possible, due to the widespread availability and usage, as well as the large body of literature exploring indentation mechanics, of the Berkovich (and the four-sided analogue, the Vickers) in particular. The cube-corner is perhaps the next most popular sharp probe geometry for depth-sensing indentation and has mostly been utilized for its fracture-generating power in small volumes and thin films. While it is well known that the greater acuity of the cube-corner decreases the indentation fracture threshold load (the load beneath which the material will not crack) P th for bulk materials by a great deal, [12] [13] [14] it is also known that the threshold indentation load for radial fracture can decrease markedly with toughness, normally recognized as a P th ∼ T 4 relationship. [15] [16] [17] [18] Because the toughness of silicate low-materials is expected to decrease commensurately with porosity, these competing effects suggest that Berkovich indentation could potentially be used to study fracture for these materials. From these results, it was concluded that the Berkovich is, most likely, insufficiently acute to generate real radial fracture even in low-films of usual (micrometer-level) thickness. Therefore, further indentation fracture was focused on the indentation fracture phenomena of more acute probes; in particular, the cube-corner geometry. Figure 2 (a) is a plot of crack length versus indentation load (c-P) on logarithmic scales of cube-corner fracture on 2.0-, 1.5-, 1.0-, and 0.5-m-thick LKA. In this and following figures, a data point represents the mean, and error bars one standard deviation in measured crack length; where not seen, the error bars are smaller than the symbol size. The conventional residual elastic-plastic field model of indentation fracture 3, 19 shows that c will vary as P 2/3 for a homogeneous, ideally brittle, material. The P 2/3 slope is shown on Fig. 2 (a) for comparison to the data.
Crack length as a function of indentation load
Some quick observations may be made about the fracture data of Fig. 2(a) . First, c ∼ P 2/3 scaling is not observed over any significant range of indentation load for any film, nor is any simple scaling evident. For example, the 2.0-m-thick LKA cube-corner fracture response scales approximately as c ∼ P at the smallest indentation loads, and roughly c ∼ P 2/5 in the region between 1.0 and 4.6 mN. Also, there is a clear effect of the film thickness on the fracture response; cracks are usually longer at fixed indentation load in the thicker film. However, this is not always so; it can be seen in Fig.  2 (a) that at the smallest loads, crack lengths at the smallest indentation loads were slightly larger in the 1.5-m film than they were in the 2.0-m-film. It is also noted that for all films that there was a "jump" in the crack length (a seemingly discontinuous rise in the measured radial crack length) above a certain indentation load-for example; between 4.6 and 6.8 mN for 2.0-m-thick LKA, and between 0.68 and 1.0 mN for 0.5-m-thick LKA.
The radial crack-length jump above some certain load was a common (not universal) feature of indentation fracture on low-films. The discontinuous nature of the c-P response at that point suggests that some energetic barrier had been overcome, or the cracks had taken on a new configuration. Therefore considerable effort was expended in finding the nature of the crack-length jump in an effort to determine what data can be analyzed in a fracture mechanics framework. Figure 2 (b) is a c-P plot on logarithmic scales of cubecorner fracture on 2.4-, 1.6-, and 1.2-m-thick LKB. As was seen in Fig. 2(a) for LKA, the c-P response does not follow any simple scaling laws, but there is a similar decrease in the sensitivity of the crack length to increasing indentation load. The effect of film thickness on the LKB fracture response is less clear than for LKA; while the 2.4-m film has a smaller threshold load for fracture and typically longer cracks over the entire load range, cracks in the 1.2-m film are longer than either of the two thicker films at P ‫ס‬ 0.15 mN. Figure 2 (c) compares the cube-corner fracture response of 1-m-thick LKC-1 and LKC-2. One would imagine that the toughness of LKC-2 is lower than LKC-1-the only nominal difference between the materials is that LKC-2 is less dense-but there is no clear distinction between the films from the fracture response over the entire load range. In fact, LKC-1 has a smaller threshold load than LKC-2. Fig. 2(b) ], as well as with the less acute 49.6°and 58.9°probe geometries. As the indenting probe becomes more obtuse, the threshold load for fracture increases dramatically: a factor of about four increase from the cube-corner to the 49.6°probe, and a further factor of five increase from the 49.6°to the 58.6°probe. After radial cracking initiated, the c-P responses converged with increasing load. At larger loads, there was a well-defined jump in crack length, exactly as seen for Fig. 2(a) ]. While the indentation load for the crack-length jump decreased slightly with increased probe acuity, the radial crack length at which it happens for all probes is about 5 m, approximately twice the film thickness. For all films tested, the crack length just before the crack-length jump was about twice the film thickness, regardless of what probe geometry was used.
B. Instrumented indentation
While traditional indentation fracture analyses rely on knowledge of the peak indentation load only, there is potentially much more information to be gleaned from the instrumented indentation response. Other work has correlated discontinuities in Berkovich loaddisplacement (P-h) behavior to fracture properties. [20] [21] [22] In this section, some phenomena that relate different types of cracking to features in the load-displacement traces, as well as the apparent indentation modulus, will be shown. The reason for this lengthy investigation is that only radial fracture will be used to study the fracture properties of the films; competing fracture systems (such as lateral cracking 23 ) can make the subsequent analysis much more complicated. The most illustrative examples have been chosen from amongst the different films, but the observations are broadly applicable. Figure 3 is a P-h plot for the loading half-cycle for five 15-mN peak load Berkovich indentations on 2.4-m LKB. The traces are segmented into three portions (shown on the figure) based on indentation load. Segment 1 is from zero load to a point where P-h discontinuity events (pop-in) begin. Toivola et al. 22 suggested that these events corresponded to fracture in low-films during Berkovich indentation. Segment 2 is the load range over which the pop-in event occur, 3.3-4.8 mN, and Segment 3 is at higher loads, where the P-h traces reconverge. The load range for pop-in was 2.2-2.9 mN for 1.6-m-thick LKB and 1.8-2.4 mN for 0.8-m-thick LKB, indicating that there probably is some influence of the substrate for Berkovich pop-in in low-films. Because no concerted effort was made to study the Berkovich pop-in phenomena (not all material-film thickness combinations were tested with the Berkovich), this is not explored further in this work. Figure 4 (a) is a plot of the apparent indentation modulus, Ē A , as a function of contact depth h c from the same experiments in Fig. 3 . This is the conventional manner of plotting indentation modulus. Also shown in Fig. 4(a) are the three segments from Fig. 3 , transformed to segments of contact depth. Ē A decreases sharply at the smallest contact depths, goes through an apparent minimum near 50 nm, and then begins to increase again with further increase in indenter penetration. The minimum at small contact depths is often observed for low-films. [24] [25] [26] The apparent modulus minimum has been attributed to difficulty in locating the point of first surface contact, or uncertainty in the contact area, although at this point this is simply conjecture. Ē A then increases with increasing contact depth due to the increasing influence of the stiff substrate on the overall elastic response. There is a discontinuity in the elastic response that corresponds with the range of pop-in events. After the pop-in events cease, Ē A again increases monotonically. Figure 4 (b) is a plot of indentation modulus with respect to load, with the three load segments from Fig. 3 marked. Pop-in events, or at least the initial pop-in events during loading, do not affect the Ē A response with respect to load. This is an important observation, and is contrasted with cubecorner indentation in the next paragraph. These observations agree with the previous observation of Morris et al. 6 that the quantity load-over-stiffness-squared (P/S 2 ) 27 was unaffected by loading discontinuities that were attributable to radial fracture. The Berkovich results, which suggest that the indentation modulus plotted with respect to load is unaffected by pop-in events, should now be compared to similar experiments with a cube-corner probe. Figure 5 
FIG. 4. (a) Ē
A as a function of h c for Berkovich indentation on 2.4-m-thick LKB. The bold line is the mean, and bracketing thin lines represent one standard deviation. Three segments in contact depth are marked, corresponding to the segments marked in Fig. 3 
. (b) Ē
A as a function of P with regions marked corresponding to the segments in Fig. 3 .
P-h traces are essentially superposable. Segment 2 is a region of "small" pop-in events and segment 3 is a region of "large" pop-in events. In segment 4, the P-h responses smooth and stiffen, and appear to converge again to a unified response. A as a function of P for the same material-thickness combination, measured with a calibrated Berkovich on the DCM instrument. Much like the Berkovich pop-in events of Fig. 3 , the "small" pop-in regime (segment 2) has little effect on the evolution of Ē A versus P if perhaps there is a small increase in the experimental uncertainty (one standard deviation in measured Ē A , shown as thin lines bracketing the mean) in segment 2. However, in segment 3, the so-called "large" pop-in regime, the apparent modulus decreases, and the uncertainty in Ē A increases greatly. After "large" pop-in deformation is exhausted, the Ē A -P relationship changes discontinuously, in contrast with the behavior of Berkovich indentation.
To explore this phenomena further, Fig. 6 (a) is a P-h plot for two separate 1.5-mN cube-corner indentation experiments (peak loads within segment 2, Fig. 5 ) on 2.0-m LKA. One trace exhibits pop-in events; another does not. Figure 6 (b) is a SEM micrograph of the impression + fracture pattern generated by the indentation that does not exhibit pop-in; and Fig. 6(c) is a SEM micrograph of the impression + fracture pattern generated by the indentation that does exhibit pop-in. The only difference in the fracture at the indentation sites is the apparent ejection of a small amount of material at the lower right directly adjacent to the indentation. Figure 7 is a series of representative SEM micrographs of cube-corner indentations to increasing peak loads on 2.0-m-thick LKA; in the lower-left corner of each micrograph is a number that corresponds with the indentation load segments delineated in Fig. 5(a) . Figure 7 (a) is a sub-threshold 0.068-mN indentation. Only radial fracture is seen within segment 1 (no pop-in) for the 0.68-mN indentation in Fig. 7(b) . The 4.6-mN indentation in Fig. 7(c) , corresponding to segment 2 (small pop-in) in Fig. 5(a) , shows radial fracture as well as a small lateral crack directly adjacent to the indentation impression. In Fig. 7(d) , two of the surface traces of the radial cracks (the bottom and upper right cracks) in the 6.8-mN indentation shown have begun to curve near the tips. This is within the "large" pop-in segment (segment 3). For the 15-mN indentation in Fig. 7(e) , the radial cracks have apparently bifurcated, and the tips continue to curve toward an approximately circumferential trajectory. Finally, the 50-mN indentation of Fig. 7(f) , also within segment 4, shows that a large chip, or lateral crack, has formed and been ejected from the indentation site. The bottom of the large lateral crack is apparently smooth and flat. Presumably, this is the surface of the silicon, but no further experiments were done to confirm this. Figure 8 is an isometric-view schematic diagram demonstrating the difference between the two types of lateral cracking systems. The "shallow lateral" cracks 23 have dimensions that are roughly the size of the impression side and have depths that are well contained within the film. The delamination or "deep lateral" cracks 23 form at higher indentation loads. Deep laterals or delaminations seem to initiate from the radial cracks that are generated at much smaller loads and have surface dimensions much larger than the indentation impression or the film thickness. The micrograph of Fig. 7(f) suggests that the deep lateral crack front propagates laterally at, or close to, the silicon-film interface.
IV. DISCUSSION
A. Relationship between fracture and apparent elastic modulus responses
Section III showed that there is a definite connection between displacement discontinuities in the P-h response and the perceived elastic modulus. Small pop-in events shift the Ē A -h c response, but leave the Ē A -P trace unaffected. Furthermore, the connection was made between the type of pop-in event (either "small" or "large") and the fracture event. Small pop-in corresponds with formation and ejection of very small lateral cracks, while large pop-in corresponds with the initiation and propagation of a large delamination crack.
Figures 9(a)-9(d) are a combined plot of c (left axis) and Ē A (right axis) versus P for cube-corner indentation on 2.0-, 1.5-, 1.0-, and 0.5-m-thick LKA, respectively. In each plot, the steep increase in Ē A is correlated with the jump in crack length. What happens at the jump in radial crack length? The large pop-in events (Fig. 5) are indicative of the large lateral-delamination crack initiating and propagating subsurface. As the support of the film is lost, the probe makes contact with the stiff silicon substrate and the apparent elastic modulus increases dramatically. On the surface, an observer sees a jump in the radial crack length as the constraint of the substrate is lost, and now the radial-delamination crack system propagates away from the indentation. The surface beginnings of the delamination scallop can be seen in Fig.  7(d) , where the radial cracks have evidently started to curl into a circumferential trajectory. Increasing indentation load pries the delamination scallop off the surface and completes the removal of material, as seen in Fig. 7(f) .
Figures 10(a)-10(c) are c-P-Ē A plots for 2.4-, 1.6-, and 1.2-m-thick LKB, respectively. Figure 10(a) shows that the same correspondence between the steep increase in Ē A and a jump in crack length. However, in Figs. 10(b) and 10(c), there is no evident jump in crack length, although it might be argued that the experimental scatter increases, or the c-P response becomes less "smooth." The lack of a jump in the crack length might indicate that the indenter has struck the silicon, without causing delamination.
B. Composite elastic modulus response
The c-P-Ē A plots are useful for pointing out what fracture data are radial, and which data are radial + delamination. It is also interesting to note that there appears to be a roughly load-independent plateau in Ē A up to at least 0.5 mN for the three thickest LKA films, but the 0.5-m LKA film already has a strong substrate influence above 0.1 mN. Compare this with Fig. 2(a) , where crack lengths in all LKA films are roughly equal to a peak load of 0.5 mN, with the 0.5-m LKA film being a notable exception. This suggests that perhaps there is a relationship between the fracture response and the apparent indentation modulus response.
There have been many proposed models that describe the composite elastic response of a film + substrate system subjected to indentation. [28] [29] [30] [31] [32] [33] [34] Every one of these models suggests that Ē A is some function of Ē F and Ē S , as well as the ratio of the (axisymmetric equivalent) contact radius to film thickness a/t same (for the 50°and cube-corner probes) until there is a sharp increase in Ē A due to delamination and spalling at the indentation site.
One of the more explicitly physically based models is the perturbation analysis of Gao et al. 30 They derived an expression for Ē A in terms of film and substrate shear modulus () and Poisson's ratio (),
where I 0 is the proportion of the total strain energy contained within the film, and I 1 is the proportion of dilatational strain energy contained within the film. It is clear from Eq. (1) that the composite plain-strain elastic compliance is formed by weighting the shear modulus and Poisson's ratio by the total and dilatational strain-energy distributions, respectively. Xu and Pharr modified the Gao analysis to arrive at the following expression for Ē A34 : 1
The Xu-Pharr representation, then, differs from the Gao representation by weighting the individual shear compliances by I 0 . With the substitution ‫ס‬ t F /a, I 0 and I 1 are There is a associated neither with the film nor the substrate in the expression for I 0 [Eq. (3)]. This is a higher-order term, a consequence of the first-order perturbation analysis.
30 Figure 12 plots I 0 and I 1 versus a/t F over the range 0 ഛ a/t F ഛ 2. It can be seen that I 1 decreases more slowly than I 0 with increasing a/t F , no matter what Poisson's ratio is used in Eq. (3). This suggests that when the composite indentation modulus is formed at large a/t F , the effects of Poisson's ratio mismatch will be less important than shear moduli mismatch.
A few simplifications of Eq. (2) can be made to make the influence of strain-energy partitioning on Ē A more apparent. If, in fact, contributions to the composite indentation modulus from Poisson's ratio are less important than those from the shear moduli, Eq. (2) may be rewritten as
FIG. 10. c and Ē
A as a function of P for cube-corner indentation on LKB films. The bold line is the mean apparent indentation modulus and the thin bracketing lines represent one standard deviation.
FIG. 11. Ē
A as a function of normalized contact radius, a/t 
Approximation of Eq. (5) with Ē S k Ē F and the binomial expansion leads to a simple scaling relationship for the apparent modulus of a film on a rigid substrate:
which indicates that the apparent increase in modulus is inversely proportional to the fraction of strain energy in the film. The Gao representation, in the limit
The limiting cases of Eqs. (6) and (7) show simply why the Xu-Pharr representation has been shown to be a significant improvement on the Gao representation for compliant films, 31 even though both models converge to the film or substrate response as a/t F → 0 or a/t F → ϱ, respectively. As has been pointed out, 34 Eq. (2) is most closely connected to the film elastic properties, while the Gao representation is chiefly tied to the substrate modulus for very compliant films. Figure 11 demonstrates that the composite elastic response for probes of differing acuity could be reduced to a single function of a/t F , in accordance with nearly all layered-media contact models. Under the pressures of indentation, a compliant film is locally reduced to a thickness substantially less than the original thickness t F . It has been observed that the agreement between theory and experiment for both the Gao model 32 31 showed that the use of t F eff ‫ס‬ t F -h c worked well for Berkovich indentation.
Equations (5)- (7) are all easily implemented for datafitting purposes, but the simplified Xu-Pharr expressions, Eqs. (5) and (6), will be most useful for representation of low-film moduli from composite indentation data. The Song correction for film thickness reduction, t F eff ‫ס‬ t F -h c is used to correct the film thickness to follow the scaling form of Eq. (6). Figure 13 is a plot of Ē A (from Berkovich indentation experiments) as a function of a/t F eff for the thickest of each variety of lowfilm. Also shown in Fig. 13 are ordinary least-squares fits of Eq. (6), Ē A ‫ס‬ Ē F /I 0 to each film Ē A response. The rigid-substrate limit of the Song model has a remarkable ability to reproduce the apparent modulus response of low-films with increasing indenter penetration, considering that Ē A is the only adjustable parameter. The value of Ē F from the fit is the value reported in Table I . Of course, the effective film correction appropriate to the Berkovich would not work for the non-Berkovich indenters, as the contact depth is greater for equivalent contact radius, but Fig. 11 demonstrates that under the simple a/t F transformation the curves from various probes are approximately coincident if delamination is avoided. The real utility of this model as concerns the current work is not its extrapolative accuracy, but for its physical interpretation. That is, the strain-energy partition between film and substrate may be estimated experimentally as I 0 ‫ס‬ Ē F /Ē A . Let us revisit the introduction to this section, which noted a correspondence between the apparent modulus and the fracture response. Again, take as an example the LKA c-P data in Fig. 2(a) . All film thicknesses, except the 0.5-m-thick film, have the same fracture and elastic responses up to an indentation load of about 0.46 mN. After this point, the c-P responses of the thinner films start to peel away in order of increasing thickness. This is also the order in which the indenting probe starts to "feel" the elastic influence of the stiff substrate in the film.
By the argument made above, the fraction of total indentation work supplied to the film can be estimated by
A . Clearly, the increase in apparent modulus with increasing load is a signal that elastic indentation energy is being lost to the substrate. Continuing with the same example of cube-corner indentation of LKA at an indentation load of 0.46 mN, the fraction of total indentation energy within the film is Ӎ50% (0.5 m thick), Ӎ80% (1.0 m thick), and Ӎ100% (1.5-and 2.0-m-thick LKA). The crack lengths in each film, as a percentage of those in 2.0 m thick LKA, are 42% (0.5 m thick), 74% (1.0 m thick), 89%, and 100% (for 1.5 m thick and 2.0 m thick). The fraction of energy lost to the substrate and the reduction in crack length track neatly. In short, loss of strain energy to the substrate seems to explain why at fixed indentation load, thinner films tend to have shorter crack lengths. The connection between strain-energy partitioning and the fracture response will be explored in more detail for the fracture mechanics model in Part II. 
V. SUMMARY
It has been demonstrated that indentation flaws can be reliably and repeatably placed in low-films with the use of an ultra-low load, depth-sensing indenter, and a probe of sufficient acuity. Here, the main observations of indentation on low-films are summarized, with a focus on indentation fracture.
Berkovich indenters are insufficiently acute to generate real radial fracture outside the contact zone, although images of the indentations may appear to have radial cracks. More acute pyramidal probes, however, can generate stable radial fracture. Comparison of crack length to the contact dimension derived from instrumented indentation can distinguish radial fracture from cutting or crushing.
The crack length versus load results on different compositions of organosilicate low-film, of varying thickness, show no clear scaling trends. Furthermore, there is a variation with film thickness that is not accounted for in current indentation fracture models.
The apparent elastic modulus versus load response is unaffected by small pop-in events, regardless of indenter acuity.
A discontinuity in the crack length versus load plot coincides with a discontinuity in the apparent indentation modulus for cube-corner indenters.
The discontinuities in crack length and apparent indentation modulus are due to film delamination, which is not immediately evident from SEM images.
The apparent indentation modulus for these filmsubstrate systems scales as the normalized contact radius, independently of the indenter acuity, in accordance with most contact models.
The Xu-Pharr model, which relates the apparent indentation modulus to proportion of strain energy contained in the film and substrate, can describe the apparent indentation modulus of low-films as a function of normalized contact radius.
An increase in apparent modulus indicates that an increasing proportion of indentation strain energy is being sunk into the substrate. Strain energy lost to the substrate leads to shortened crack lengths.
The Berkovich geometry is far and away the most studied indenter geometry in the instrumented indentation literature, and consequently accurate measurement of hardness and plane-strain modulus with the Berkovich is a well-developed art. However the Berkovich evidently cannot generate radial fracture in low-films. Of course, simultaneous measurement of hardness and modulus with more acute geometries while performing fracture experiments would be advantageous by saving time. At this point, we could not recommend using the acute, radial-fracture generating geometries to accurately measure hardness and moduli when a Berkovich indenter is available. This recommendation is partially because of the difficulty of area-function calibration when there is cracking at the indentation, and partially because of the inferior development of hardness and modulus measurement for non-Berkovich sharp indenters. Continuous estimation of indentation modulus with the acute indenters, while perhaps not as accurate as possible, compares well with Berkovich indenters and can also reveal information about the nature of the fracture at the indentation site.
To the best of the authors' knowledge, the current development of experimental technique and observations have not been made previously in the indentation fracture literature and are essential to the fracture mechanics model developed in the companion paper, Part II. 5 It is hoped that the observations made here are useful to experimentalists working with fracture, or other problems, concerning indentation on film-substrate systems. More observations of indentation on these particular films, especially with indenters other than the cube-corner, are available elsewhere.
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